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This study analyses the hemodynamic variations surrounding stenoses located at the left coronary bifurcation, and their influence on
the wall shear stress (WSS) in realistic coronary geometries. Four patients with suspected coronary artery disease were chosen, and coro-
nary models were reconstructed based on high-resolution CT data. The coronary stenoses were observed at the left circumflex and left
anterior descending branches, resulting in a lumen narrowing of >50%. Flow analysis was performed using computational fluid dynam-
ics, to simulate the cardiac flow conditions of the realistic individual patient geometry. Blood flow and WSS changes in the left coronary
artery were calculated throughout the entire cardiac phases. Our results revealed that the recirculation regions were found at the post-
stenotic locations. WSS was found to increase at the stenotic positions in all four patients. There is a strong correlation between coronary
stenosis and the hemodynamic changes, which are reflected in blood flow pattern and WSS, based on the realistic left coronary geome-
tries.
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1. Introduction
It is widely recognized that coronary artery disease
is the primary cardiovascular disease, responsible for
the development of major adverse cardiac events,
leading to hemodynamic variations in the myocardium
[1], [2]. Satisfactory results for the assessment of
coronary plaques and coronary stenosis have been
achieved with medical imaging techniques such as
computed tomography (CT) and intravascular ultra-
sound [3], [4]. However, prediction of local stenosis
progression in the specific patient with coronary ar-
tery disease remains intractable. The left coronary
bifurcation is the anatomic location where plaque
or stenosis tends to form, due to the angulation formed
between the left anterior descending (LAD) and left
circumflex (LCX) [5]-[7]. A recent study reported that
wide angulations induce flow disturbances related
to the stenotic progression [5]. Hemodynamic pa-
rameters such as wall shear stress (WSS) and flow
velocity are the key factors that are used to describe the
development of cardiovascular disease [1], [2], [5].
Previous studies have shown that low WSS resulted in
endothelial cell dysfunction and the principal advance-
ment of atherosclerosis [8], [9].
WSS and flow velocity provide additional infor-
mation, which enables analysis of the progression of
coronary stenosis [1], [5]. Early studies have shown
that coronary lesions of >40% lumen stenosis caused
the throttling of coronary blood flow speed, reducing
volumetric blood flow [10]. The study of the influence
of local stenoses upon blood flow changes in the left
coronary artery is expected to improve our under-
standing of the pathogenesis of coronary disease.
Thus, this research was conducted to investigate the
impact of stenoses upon hemodynamic changes at the
left coronary bifurcation, based on realistic geometry
sampled from patients with suspected coronary artery
disease.
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2. Materials and methods
2.1. Patient information
Four patients suspected of coronary artery disease in
the left coronary main branches and bifurcations were
included in this study. The CT volumetric data of each
patient was rendered using medical imaging software
Analyze 7.0 (Analyze Direct, Inc., Lexana, KS, USA)
for generation of three-dimensional left coronary artery
(LCA) geometries with inclusion of stenosis lesions.
Each patient was found to have at least 50% lumen ste-
nosis at the LAD and LCX on CT images. The demo-
graphics of sample patients are shown in Table 1. The
medical imaging diagnosis of calcified plaques causing
the lumen stenosis is displayed in Fig. 1. Imaging post-
processing techniques were applied to create the LCA
geometries with object-map reconstructions, semi-
automatic modifying, post-process segmentation, with
the details having been explained in previous studies
[11], [12]. Three-dimensional LCA surfaces of four
patients were remodeled, comprising of left main stem
(LMS), LAD, LCX and its coronary trees. The surface
geometries were saved in “STL format” for computa-
tional modeling. In summary, there were two patients
with coronary stenosis in LCX branches and the other
two patients had stenosis at LAD branches.
Table 1. Patient characteristics:
patients with suspected coronary artery disease
Degree of bifurcation








A 50 Male – >50% 125
B 54 Female – >60% 95
C 56 Male >50% – 90
D 58 Female >70% – 85
Fig. 1. Two-dimensional axial CT image identifies
the calcified plaque positions (arrows in left image)
and the diagram shows coronary stenosis located in
the left anterior descending branch
(arrows in right image)
Fig. 2. The reconstructed left coronary artery geometries with diseased conditions in left main bifurcations
with each model corresponding to the individual patient, as shown in Table 1
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2.2. Computational modeling LCA
with stenosis conditions
The reconstruction procedure used Blender version
2.48 (Blender Institute, Amsterdam, Netherlands) to
modify the point clouds from each patient’s STL data.
Rough surfaces, and blood vessel tortuosity were re-
tained to reflect true LCA disease conditions, how-
ever, unwanted data, soft tissues and motion-related
artifacts were manually removed. The actual LCA
geometries were analyzed in this research, as shown
in Fig. 2. LCA geometries were saved in “STL for-
mat” for meshing procedure. The computational vol-
ume mesh was produced using ANSYS ICEM CFD
version 12 (ANSYS, Inc., Canonsburg, PA, USA), our
approach reflecting earlier studies [13], [14]. LCA
mesh geometries were configured with hexahedral
elements of around 9 × 105 cells. The computational
mesh was saved in “GTM format” for solving.
2.3. Computational
hemodynamic analysis
Transient computations were performed using
physiologically-derived boundary conditions to reflect
realistic in vivo conditions. The cardiac pulsatile ve-
locity and pressures were reconstructed from pulsatile
graphs taken from McDonald’s Blood Flow in Arter-
ies [15] using Matlab (MathWorks, Inc. Natick, MA,
USA). Velocity and pressures were applied at the
main inlet (left main stem) and outlets (left anterior
descending and left circumflex), respectively, for all
of the LCA geometries [16]. Rheological properties
were applied, with a blood density of 1060 kg/m3,
blood viscosity of 0.0035 Pa s [17], [18]. Stenoses
conditions were modeled as a rigid body [1], [5]. A no
slip boundary condition was applied at the coronary
walls, and blood viscosity was assumed to be Newto-
nian. The flow was assumed to be laminar and incom-
pressible [19]. ANSYS CFX version 12 (ANSYS,
Inc., Canonsburg, PA, USA) was used to solve the
Navier–Stokes equations, requiring approximately
100 iterations per time-step within 1.0 second of pul-
satile flow and pressure (1 time-step representing
0.0125 seconds). A converged solution was obtained
for a residual target of less than 0.1 × 10–3, and the
computational time consumption was roughly 2 hours
for each case. Wall shear-stress and hemodynamic
profiles were calculated and visualized using ANSYS
CFD-Post version 12 (ANSYS, Inc.).
3. Results
3.1. Impact of coronary stenosis
upon hemodynamic variations at LCA
The analysis was performed based on realistic, in
vivo physiological conditions during cardiac phases.
Fig. 3. Visualization of flow velocity patterns in Patient ‘C’ with coronary stenosis (A) and without stenosis (B)
throughout the systolic peak of 0.4 s. Arrows indicate the areas of low flow velocity which occurred
at pre- and post-stenosis locations. Double arrows in A show the regions of high flow velocity
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The peak systolic and inner diastolic phases have been
presented at the time of 0.2 sec and 0.7 sec, respec-
tively. The simulation results displayed the effect of
coronary stenosis located in the LAD and LCX
branches on blood flow variations. The plaque’s influ-
ence on hemodynamic changes at the left main coro-
nary bifurcation is shown in Fig. 3. The velocity val-
ues ranged from 0 to 30.5 mm s–1 which were
displayed in ten colored levels. The LCA geometry
with diseased branches demonstrated a substantial
flow velocity increase  at the stenotic locations, which
ranged from 28.32 to 30.50 mm s–1 (peak systolic) and
23.96 to 28.32 mm s–1 (middle diastolic, not shown).
Maximum velocity was reached at LAD and LCX
branches, where coronary stenosis caused significant
coronary lumen narrowing. Locations of recirculation
were found at post-stenosis positions in the LAD and
LCX (Fig. 3).
3.2. Impact of coronary stenosis
on WSS variations at LCA
WSS variations were calculated and visualized at
the systolic and diastolic periods. The contour of ten
colored levels was used to reveal the WSS values,
which ranged from 0 Pa to 3.50 Pa, as shown in Fig. 4.
WSS distributions in the four study patients were
similar, with high WSS found ranging from 3.25 Pa to
3.50 Pa at the locations where coronary stenosis
caused lumen narrowing (Fig. 4). Low WSS values
were found to range from 0 Pa to 0.25 Pa at the left
coronary arteries (Fig. 4).
4. Discussion
This study demonstrates that coronary stenosis can
substantially affect blood flow in the realistic left
coronary artery geometries, causing variations of ve-
locity and WSS. Results of this study assist our clini-
cal understanding of the influence of coronary steno-
sis upon blood flow in coronary artery disease, which
could lead to atherosclerotic progression.
Coronary stenoses are generally found at bifur-
cated locations, and main coronary branches such as
LAD and LCX. Previous studies have reported that
atherosclerotic plaques form at these coronary bifur-
cations [7], [16]. Current medical imaging techniques
are excellent in demonstrating anatomical details [3],
[20], [21], but are limited to providing the information
Fig. 4. Visualization of the WSS of four patients with coronary stenosis through the systolic peak of 0.4 s.
Arrows indicate the distribution of high WSS which occurred at stenosis regions
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on the alterations of hemodynamic parameters in coro-
nary artery. Computational fluid dynamic analysis of
remodeled coronary artery geometries enables the
observation of hemodynamic changes, thus, offering
additional information when compared to the diag-
nostic information acquired with modern imaging
modalities [13], [14], [16].
There are two main factors, WSS and flow veloc-
ity that are commonly used to analyze hemodynamic
changes, and quantify the influence of coronary steno-
sis on hemodynamic variations of human coronary
artery. In this study, high WSS areas (arrows revealed
in Fig. 4) were found in areas of coronary stenosis.
This finding can be used to predict potential plaque
rupture at the high WSS sites [2], [22]. Furthermore,
low WSS regions (Fig. 4) were found in left coronary
geometries, thus this may induce atherosclerotic de-
velopment [7], [16]. Hemodynamic changes were
found to increase at stenotic regions, and recirculation
was also indicated at post-stenosis locations (arrows
identified these changes in left image, as shown in
Fig. 3). According to the flow analysis, the atheroscle-
rotic plaques tend to form at post-stenotic positions, in
low flow velocity, recirculating areas [7], [16]. This
research provides an understanding of the influence of
bifurcation stenosis at LAD and LCX branches on the
WSS and flow velocity, and reveals the subsequent
flow changes near to stenotic positions.
Current research studies have demonstrated that
low WSS distributions were associated with athero-
sclerotic progression, and high WSS was regarded as
a contributor to plaque rupture and thrombosis in
atherosclerosis [2]. It has been shown that the ath-
erosclerotic plaques located in the coronary main
bifurcation may cause WSS and hemodynamic
changes to their coronary trees [1], [5]. Some repre-
sentative studies have revealed clinical information
concerning the risk factor of atherosclerosis in coro-
nary artery disease related to the bifurcation stenosis
[23], [24]. Our results are consistent with these re-
ports as we observed high WSS at stenotic locations
and recirculating locations were found at post-
stenotic positions.
Hemodynamic analysis of individual patients with
realistic LCA geometries has some limitations that
should be addressed. The stenosis models were as-
sumed to be smooth, this assumption has been shown
to be reasonable in previous studies [1], [5]. The
coronary walls were considered rigid, and again this
assumption is reasonable in this case [19]. In addition,
the blood viscosity was assumed to be non-
Newtonian, this can be significant in low flow condi-
tions, however, in this configuration it has been shown
to be acceptable [19]. The sample size was small, as
only four patients were included and this may not
represent all types of coronary disease. Therefore,
further studies will include a more representative
range of diseased coronary geometries.
In conclusion, we analyzed the hemodynamic im-
pact of coronary stenosis in realistic left coronary
artery geometries with diseased regions between LAD
and LCX branches. There is a direct influence of
coronary stenosis in the left coronary artery upon the
WSS and blood flow. The results of hemodynamic
analysis indicate that coronary stenoses may increase
the potential risk for the rupture and thrombosis of
atherosclerotic plaques. Further analysis based on
a larger number of patients with a wider range of
types of coronary disease is required to validate our
results.
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